Background
Methods
A recombinant Ad5 vector was genetically modified to display a peptide sequence ("rH17d'"), a known inhibitor of the classical complement pathway. The replication-defective vectors Ad5.HVR2-rH17d' and Ad5.HVR5-rH17d' were constructed by engineering the rH17d' peptide into the hypervariable region (HVR)-2 or HVR5 of their major capsid protein hexon. Control Ad5 vectors were created by incorporation of a 6-histidine (His 6 )-insert in either HVR2 or HVR5 (Ad5.HVR2-His 6 and Ad5.HVR5-His 6 , respectively). All vectors encoded CMV promoter-controlled firefly luciferase (Luc). The four vectors were evaluated in TIB76 mouse liver cells and immunocompetent mice to compare infectivity and liver sequestration, respectively.
Results
In vitro studies demonstrated that preincubation of all the Ad5 vectors with fresh serum significantly increased their gene transfer relative to preincubation with PBS except Ad5. HVR5-rH17d', whose infectivity of liver cells showed no serum-mediated enhancement. In line with that, mice injected with Ad5.HVR2-rH17d' or Ad5.HVR5-rH17d' showed significantly lower luciferase expression levels in the liver as compared to the respective control vectors, whereas efficiency of tumor transduction by rH17d' and His 6 vectors following their intratumoral injection was similar. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Activation of innate immunity and induction of inflammation are major obstacles for the use of adenoviral vectors for human gene therapy. [1] Systemic intravascular delivery of human adenovirus type 5(Ad5) rapidly induces a dose-dependent toxic response that is transcriptionindependent and mediated by activation of the complement system, [2, 3] production of proinflammatory cytokines/chemokines, [4] and blood-based coagulation factors. [5] These innate mechanisms lead not only to potentially deadly host responses such as liver damage and coagulopathy, but also to sequestration of gene delivery vectors from circulation, preventing their transduction of target tissues. Modification of the Ad hexon to evade the natural innate immune response to Ad5 is a promising strategy for improving the safety and clinical utility of Ad5-based gene therapies. [6] Efforts in improving gene delivery by using modified Ad vectors have led to intense study of the mechanisms that govern the Ad-associated innate immune response. In this regard, Ad type 5 (Ad5) vectors, in particular, have been extensively studied given their broad utility in gene therapy applications. Conventionally, following intravascular administration, Ad5 vectors immediately come into contact with a variety of blood cells, plasma proteins and coagulation factors that mediate and regulate viral tropism and biodistribution in vivo. In humans as well as animal models, most of the systemically administered Ad5 virus is sequestered by the liver, and therefore, Ad transgene expression is localized predominantly in hepatocytes. [7] The complement system plays a significant role in the inherent Ad5 liver tropism in mice, as demonstrated by decreased liver transduction in complement component 3 (C3)-deficient animals, as compared to wild type mice following intravenous Ad5 delivery. [2] Cichon et al. also showed that complement was activated in a majority of human plasma samples when challenged with different adenoviral serotypes, indicating a likely role of complement in dictating the human response to Ad as well. [8] Given that the complement pathway is a regulator of Ad5 liver tropism, it was reasoned that a strategy to modify the Ad5 hexon to reduce complement response might also reduce Ad5 liver sequestration and transgene expression. To this end, the hexon of a replicationdefective Ad5 vector was modified with the recombinant peptide rH17d', a known and potent inhibitor of the classical complement pathway. [9] Modifications were made at either hypervariable region-2 (HVR2) or HVR5 since these domains are recognized as suitable loci for optimal surface exposure of inserted epitopes. [10, 11] The recombinant peptide rH17d is a potent complement inhibitor produced by duplicating the C-terminal motifs ( 17 H-26 Y) of Sh-CRIT-ed1, a fragment of the membrane protein Sh-CRIT, present on the plasma membrane of the Schistosoma parasite. Both rH17d and Sh-CRIT-ed1 exhibit sequence homology with the beta-chain of C4 (C4b). In the complement cascade, C4b binds to C2, which is subsequently cleaved to form the active C3 convertase complex, C4b2a. Following cleavage by C4b2a, C3b binds to the microbial surface tagging the pathogen for phagocytosis. The homology of rH17d with C4b makes this recombinant peptide a strong inhibitor of the classical complement pathway by interfering with the formation of the C4b2a complex and preventing subsequent formation of the C3b fragment required for opsonization and pathogen removal.
In the present work, the immune response to rH17d-modified Ad5 vectors was evaluated by in vitro and in vivo analyses. A modified version of rH17d (herein called rH17d') was constructed using a 36-amino acid protein sequence (LGS-HEVKIKHFSPY-HEVKIKHF SPY-GS-HHHHHH-LGS) that was inserted into either the HVR2 or HVR5 of the hexon protein, resulting in the vectors Ad5.HVR2-rH17d' and Ad5.HVR5-rH17d', respectively. Control Ad5 vectors were constructed by insertion of a His 6 sequence (LGS-HHHHHH-LGS) at either HVR2 or HVR5 yielding Ad5.HVR2-His 6 or Ad5.HVR5-His 6 , respectively. All experimental and control Ad5 vectors contained a CMV-controlled firefly luciferase (Luc) reporter, which was used to track vector transduction by using bioluminescence imaging (BLI).
Materials and methods

Construction of adenoviral vectors
Ad5.HVR2-His 6 and Ad5.HVR5-His 6 vectors were constructed as describes previously. [10] In order to incorporate the rH17d' complement inhibitory peptide into the HVR2 and HVR5 of the Ad5 hexon protein, the oligos encoding the rH17d' amino acid sequence were inserted into the parental hexon shuttle vectors HVR2-His 6 /pH5S and HVR5-His 6 /pH5S. [10] Specifically, rH17d' sense oligo (5' Phos-GA TCC CAC GAA GTG AAA ATT AAA CAC TTT TCT CCG TAT CAC GAA GTG AAA ATT AAA CAC TTT TCT CCG TAT G 3') and anti-sense oligo (5' Phos-GA TCC ATA CGG AGA AAA GTG TTT AAT TTT CAC TTC GTG ATA CGG AGA AAA GTG TTT AAT TTT CAC TTC GTG G 3') were annealed and ligated into partially BamHI-digested HVR2-His 6 /pH5S and HVR5-His 6 /pH5S, resulting in the formation of HVR2-rH17d'/pH5S and HVR5-rH17d'/pH5S, respectively. Of note, there were two BamHI sites in the parental shuttle vectors, therefore, partial digestion was required to obtain linearized vectors at the desired BamHI site within the corresponding HVR-His 6 regions. The positive clones were identified by restriction digestion and further confirmed by sequencing analysis. Next, the shuttle vectors HVR2-rH17d'/pH5S and HVR5-rH17d'/pH5S were recombined with the Ad5 backbone plasmid pAd5/DH (GL) via homologous recombination in bacterial BJ5183 cell strain. [10, 12] After the positive clones carrying rH17d'-modified Ad5 genome, namely pAd5.HVR2-rH17d' (GL) and pAd5. HVR5-rH17d' (GL), were identified, they were subjected to the virus rescue procedure. Because the E1 region in the backbone pAd5/DH (GL) was replaced with CMV-promoterdriven GFP and firefly Luc genes (as reporters), the resulting viral vectors were replicationdeficient. To rescue the Ad5.HVR2-rH17d' (GL) and Ad5.HVR5-rH17d' (GL) viruses, the modified Ad5 genomes in the corresponding rescue vectors were released by PacI digestion, purified and transfected into the helper HEK293 cells stably expressing Ad5-E1 proteins. Upon formation of the viral plaques the primary viral lysates were harvested, freeze-thawed 3 times and used for re-infection of a large number of HEK293 cells in order to propagate and purify the recombinant viruses by CsCl gradient centrifugation as described previously. [12] 
SDS-PAGE analysis of viral proteins
Equal numbers of CsCl-purified viral particles (10 10 VP) of each viral preparation were mixed with Laemmli sample buffer and denatured by boiling for 5 minutes. The samples were then separated on a 4-15% gradient polyacrylamide SDS gels (SDS-PAGE) and stained with Gelcode1 Blue Stain Reagent (ThermoScientific, Rockford, IL) according to the manufacturer's protocol.
In vitro experiments
Mouse liver hepatoma (TIB76) cells were incubated with rH17d' and His 6 Ad vectors following a 5-minute pre-incubation with serum collected from C57BL/6 mice. For each Ad5 vector, the infectivity level was first determined in PBS and used as baseline for normalization of infectivity levels in the presence of serum. In brief, 5 x10 8 VP were mixed with 100 μL of serum (or PBS) at 37˚C followed by dilution in serum-free MEM. Diluted Ad vectors (5 x10 7 VP) were then added to confluent TIB76 cells in 24-well plates and incubated for 1 hour at 37˚C with gentle rocking. Following incubation, Ad vector solutions were removed and the cells washed with PBS. Normal media was added to the cells, and infectivity was determined 24 hours posttreatment by quantifying intracellular expression of the firefly Luc transgene by using the IVIS-100 CCD imaging system (Caliper Life Sciences, Mountain View, CA). Prior to bioluminescence imaging, 0.1 mg/mL luciferin in normal media was added to the cells. Matched region of interest (ROI) analysis was performed using instrument software (Living Image 3.2) to quantify total luciferase counts per well. 
ELISAs
Animal experiments
Animal studies were performed in accordance with the National Institutes of Health recommendations and the approval of the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham. For immunization, C57BL/6J mice (male, 7-10 weeks, Jackson Laboratory, Bar Harbor, ME) were injected intravenously with 4 x10 9 VP of Ad5.
HVR2-rH17d', Ad5.HVR5-rH17d', Ad5.HVR2-His 6 or Ad5.HVR5-His 6 . Mice were sequentially imaged with BLI for a 30-day time period using the IVIS-100 CCD imaging system following systemic anesthesia with isofluorane by inhalation and intraperitoneal injection of 2.5 mg luciferin. Matched ROI analysis was performed to quantify liver luciferase expression. Separate mice were similarly immunized with the Ad5 vectors for serum collection at 14 days. For in vitro studies and for baseline IgG/IgM measurements, serum was collected from Ad-naive mice.
A-427 lung carcinoma epithelial cells (American Type Culture Collection, Manassas, VA) were used to grow flank tumors in athymic male nude mice (7-10 weeks, Frederick Cancer Research, Hartford, CT). Mature tumors were injected intra-tumorally (IT) with 1.25 x 10 9 VP of Ad5.HVR2-rH17d', Ad5.HVR5-rH17d', Ad5.HVR2-His 6 or Ad5.HVR5-His 6 . Luciferase expression in the tumors was monitored using BLI for 10 days and quantified using matched ROI analyses.
Statistical analysis
Results are reported as the mean plus or minus standard error of the mean (SEM). Data were analyzed for statistical significance by Student's t-test or analysis of variance (ANOVA) with Bonferroni's multiple comparison test, using Prism (version 6.0, GraphPad Software) where appropriate. (Fig 1) shows characteristic banding pattern for adenoviral proteins. The top band (~119 kDa) represents the hexon protein, whose size is consistent between all modified and unmodified Ad vectors since neither the rH17d' or His 6 epitope insertion causes a visible change in the hexon protein size. Gelcode gel staining also demonstrates consistency between gel-loaded amounts of all the viruses and their physical titers, estimated at different times, since loading of the same number of viral particles (VP; 10 10 VP) of each viral preparation resulted in similar intensities of the major protein bands on the gel. Baseline infectivity levels for the rH17d'-and His 6 -modified Ad5 vectors were estimated by measuring luciferase transgene expression in liver cells following their incubation with each virus in PBS (Fig 2A) . Although no statistically significant differences in the baseline infectivity levels were observed between the HVR2-or HVR5-modified vectors, insertion of rH17d' at either HVR2 or HVR5 locales significantly reduced transgene expression compared with the respective controls. To test the effect of factors naturally present in blood on infectivity of rH17d' Ad5 vectors in cultured liver cells, the Ad5 vectors were preincubated with serum collected from normal C57BL/6 mice prior to cell transduction. As shown in Fig 2B, liver cells transduced with the Ad5 vectors containing either His 6 or rH17d' at HVR2 (Ad5.HVR2-His 6 or Ad5.HVR2-rH17d') exhibited a 3.5-fold increase in luciferase expression over baseline levels (in PBS) following incubation with serum, using an equivalent multiplicity of infection for both Ad vectors. On the other hand, vector with rH17d' at HVR5 (Ad5.HVR5-rH17d') demonstrated a significantly decreased (~5-fold) expression of the luciferase transgene as compared to the HVR5 His 6 -control vector (Ad5.HVR5-His 6 ). Given the known role of rH17d'in inhibiting the classical complement cascade (Oh, 2003) , these data indicate that rH17d' incorporated into the Ad5 hexon at HVR5, but not HVR2, could possibly reduce complementmediated transduction of TIB76 liver cells in vitro, although other mechanisms could be involved as well.
Results
SDS-PAGE analysis
In vivo expression of luciferase reporter in the liver following intravenous injection of mice with Ad5.HVR2-rH17d' or Ad5.HVR5-rH17d' vectors, shown in Fig 3, was significantly reduced, as compared with the respective His 6 -control vectors. However, incorporation of rH17d' in HVR5 resulted generally in a much greater reduction in Ad5 liver transduction as compared to that of the Ad5 vectors with rH17d' in HVR2. While the reduction in liver transduction level for Ad5.HVR2-rH17d' ranged from 6-fold (on day 8) to 83-fold (on day 24), for Ad5.HVR5-rH17d' this decrease ranged from 70-fold (at day 27) to 3900-fold (on day 1).
To explore the humoral immune response to the rH17d'-Ad5 vectors, immunocompetent mice were immunized by intravascular injection of the rH17d'-or the His 6 -modified Ad5 vectors. Fourteen days after immunization, serum IgG levels (Ad-specific antibody titers) were found substantially lower in mice immunized with the HVR5-modified Ad5 vectors as compared to the IgG levels measured in mice, exposed to the HVR2-modified vectors. Although for both HVR5 and HVR2 hexon modification locales, the rH17d' insertion somewhat reduced IgG levels relative to those observed for the His 6 -insertion in the respective hexon modification sites (Fig 4A) , the magnitude of the difference was moderate and its biological meaningfulness and statistical significance remained unclear. In contrast, the HVR5-modified vectors were significantly less immunogenic and induced a substantially (4 to 5-fold) lower IgG levels, than both vectors carrying insertions in HVR2 region of the capsid protein hexon. This suggests a more important role of the hexon's HVR5 locale-associated epitope, as compared to that of HVR2, for the Ad5 in vivo immunogenicity. For all groups, IgM levels on day 14 post-immunization were only slightly reduced relative to 6His control levels (Fig 4B) . Our results thus indicate that the IgG level reduction effect is rather related to HVR5 epitope alteration (distortion) per se, than to insertion of a specific amino acid sequence (rH17d' or His 6 ) into that locale.
The infectivity levels of the rH17d'-Ad5 vectors for A-427 lung carcinoma xenograft tumors established in nude mice were evaluated by intratumoral (IT) injection of the Ad5 vectors followed by BLI of Luc transgene expression. Fig 5 shows that both vectors containing the rH17d' modification of the hexon (Ad5.HVR2-rH17d' and Ad5.HVR5-rH17d') exhibit in vivo transduction levels slightly below their respective His 6 -Ad5 controls. As expected for replication incompetent adenoviruses, luciferase expression levels readily declined over the 10 day evaluation period as tumor cells continued to proliferate resulting in a reduction of transgene expression. (5 x10 8 VP). Infectivity levels were determined by quantification of luciferase transgene expression in infected cells 24h post-transduction. (B) The Ad5 vectors were also pre-incubated with serum from normal C57BL/6 mice and then used to infect TIB76 liver cells. Luciferase transgene expression in virus-infected cells was quantified and normalized to the respective infectivity levels observed in PBS (without pre-incubation with serum). All data represent the mean ± SEM from 3 independent experiments and 4 replicates (n = 4) each; � p<0.001 relative to HVR5-His 6 control.
https://doi.org/10.1371/journal.pone.0215226.g002
Reduce complement activity with viral therapy
Discussion
Activation of the complement pathway is a potentially adverse response to adenovirus-based gene therapy. Strategies to down-regulate the complement pathway could minimize the undesired consequences that compromise the safety and efficacy of gene delivery vectors. In this study, a genetically-modified adenovirus that displayed on its capsid surface numerous copies of a peptide, known to inhibit the classical complement pathway, was evaluated for its ability to reduce unwanted liver transduction. Rux et al. suggested that various serotypes of Ad could be grouped according to sequence variations in the structural protein hexon's hypervariable regions (HVRs), named from HVR1 to HVR7. [13] Furthermore, in line with those phylogenetic variations, the HVR2 and HVR5 were found to tolerate incorporation of foreign peptides and identified as hexon locales optimal for antigen display on the surface of the Ad5 capsid, [10, 11, 14, 15, 16, 17, 18, 19] providing rationale for the design of the adenoviral vectors evaluated in this study. Therefore, it was reasoned that insertion of a peptide in these hexon locales to down-regulate complement would be both structurally and functionally tolerated by the Ad5 vector. Another advantage of using hexon for the peptide display is the large number of these molecules making up the Ad capsid (240 hexon trimers), the total number of inserts that could be displayed in a single viral particle is 240 ×3 = 720 copies.
In the present work, the peptide display on the Ad capsid was achieved by genetic modification of the Ad5 hexon DNA coding sequence to generate hexon chimeras that were incorporated into the viral capsid during replication and packaging of the Ad5 vector. The foreign peptide used for insertion in HVR2 or HVR5 was a modified version of rH17d (named rH17d'), which itself is a homodimer of the 11 C-terminal amino acids of Sh-CRIT-ed1 [9] with sequence similarity to the beta-chain of human and mouse C4b. This sequence is known to down-regulate complement by interfering with the formation of the C3 convertase C4b2a. Characterization of the capsid-modified recombinant Ad5 vectors using SDS-PAGE demonstrated that neither the rH17d' insert nor the control His 6 insert altered the size of the hexon protein, thus, all the vectors evaluated in this work contained similarly sized structural proteins (Fig 1) . A CMV-controlled firefly luciferase transgene was incorporated in the recombinant Ad5 genomes to easily monitor gene delivery as a result of vector transduction.
Incorporation of rH17d' into the Ad5 vectors was shown to decrease liver cell transduction both in vitro and in vivo (Figs 2B and 3) . In vitro experiments suggested that components naturally present in serum augment liver cell transduction above the baseline (PBS) levels, whereas insertion of rH17d' at HVR5 significantly inhibits this effect. In vivo, liver transduction by both Ad5.HVR2-rH17d' and Ad5.HVR5-rH17d' was significantly reduced as well, although the relative decrease in luciferase expression in liver tissue was overall greater for Ad5 vectors with HVR5-inserted rH17d' peptide.
Quantification of Ad5-specific antibodies in mice pre-immunized with rH17d'-Ad5 vectors demonstrated lower levels of IgG production (Fig 4) , suggesting that the rH17d' peptide exposed on the Ad5 capsid surface not only lowers the transduction efficiency of liver cells in vitro and in vivo, but also reduces the acquired immune response to systemically administered Ad5. Given the role of complement as a functional bridge between the innate and adaptive immune responses, [20] it is not surprising that inhibition of complement activation by rH17d' could also suppresses Ad-specific antibody responses, resulting in decreased IgG levels in plasma.
Although the mechanisms responsible for the reduced liver tropism of the rH17d'-Ad5 vectors were not fully elucidated in this study, the in vitro data suggest that rH17d' modification of the hexon itself reduces Ad5 infectivity for TIB76 liver cells (Fig 2A) in addition to possible inhibition of complement-mediated mechanisms of liver transduction when the modification is placed at HVR5 (Fig 2B) . The greater reduction in liver tropism observed for Ad5. HVR5-rH17d', as compared to Ad5.HVR2-rH17d' (Fig 3) , may therefore be explained by an additive effect of two independent mechanisms: one involving hexon modification itself and the other involving complement inhibition by rH17d' inserted in the HVR5 locale.
Previous studies aimed at deciphering the role of complement in the mechanism of Ad liver tropism resulted in findings similar to the ones of the present study. In 2004, Zinn et al. used BLI to demonstrate a dose-dependent reduction in liver transduction in C3 knockout mice, as compared to wild-type mice, following intravascular injection of an Ad5-luc vector. [2] In addition to highlighting the role of complement in liver sequestration of Ad5, the above referenced study also used a fiber-fibritin Ad5chimera to demonstrate that the effect of complement on liver transduction is independent of native Ad5 receptor (Coxsackie-and-Adenovirus Receptor (CAR))-mediated mechanisms. [2] More recently, others have provided evidence that the inherent liver tropism of most Ad5 vectors used for gene therapy is due to the efficient transduction of hepatocytes, which is predominantly mediated by Ad5 binding to heparan sulfate proteoglycans (HSPGs) on liver cells via Ad5 hexon-coagulation factor X (FX) bridging interaction. [21, 22, 23] In relation to the findings of this study, it is plausible to suggest that in addition to inhibiting complement activation, rH17d' modification may also interfere with FX binding to Ad5, which has been shown to involve hexon HVR loops, [18, 24] thereby reducing vector transduction of hepatocytes. Alternatively, a yet unknown mechanism of liver transduction, involving a complement-binding cellular receptor, may exist.
The results of this study led to yet another important conclusion regarding the mechanism of Ad5-specific immune response. Analysis of vectors' capability to induce production of Ad5-specific antibodies by IgG level measurement in mouse sera indicates that hexon epitope (s) of the native HVR5-loop sequence/structure, play(s) an essential role in determining Ad5 immunogenicity, as opposed to the epitope(s) of HVR2 in the Ad5 capsid.
The other important finding of this study is that the rH17d' peptide incorporation in either of the two (HVR2 or HVR5) hexon locales did not substantially affect the ability of Ad5 to transduce tumors in vivo, relative to the 6His control modification, following intratumoral injection of the modified vectors (Fig 5) . Furthermore, the experiments in A547 cells also demonstrate that the insertion of rH17d' in HVR5 does not significantly attenuate viral infectivity in general (in a non-specific way), whereas liver cell transduction is dramatically decreased, suggesting that Ad5 transduction of lung carcinoma (A547) and liver (TIB76) cells utilizes different mechanisms. The dramatic decrease in liver transduction of Ad5.HVR5-rH17d' in vivo and in vitro could possibly be explained by a mechanism involving complement inhibition by rH17d' peptide inserted at HVR5. On the other hand, the tumor transduction level of Ad5. HVR2-rH17d' was reduced less than 3-fold at day 2 relative to the His 6 control vector. These 9 VP of (A) Ad5.HVR2-rH17d' and Ad5.HVR2-His 6 and (B) Ad5.HVR5-rH17d' and Ad5.HVR5-His 6 were injected directly into xenograft tumors established in nude mice. All data represent the mean ± SEM (n = 7); � p<0.05 and +p<0.01 relative to respective rH17d' vectors at the corresponding time point.
https://doi.org/10.1371/journal.pone.0215226.g005 findings are particularly important for gene therapy applications of Ad5.HVR5-rH17d', suggesting its attenuated liver tropism and the resulting capability of partially avoiding liver sequestration, while retaining infectivity for tumor tissues. This could have significant implications for the use of Ad5.HVR5-rH17d' as a gene therapy vector. However, further work is needed to ultimately evaluate transgene delivery to target tissues following systemic administration of the Ad5.HVR5-rH17d' vector. Given the previously established capability of the rH17d' peptide to inhibit complement activation [9] , on the one hand, and exposure of the HVR5 epitope(s) on the Ad5 capsid surface, on the other [16] , the data obtained in this study support utilization of capsid-modified Ad5 vectors with the rH17d' peptide incorporated into the hexon's HVR5 locale as a means to reduce Ad5-associated immune response, which may involve complement inactivation as a part of the underlying mechanism. In addition, such capsid modification strategy could also be used to reduce liver tropism of Ad5-based vectors. All the above features of Ad5.HVR5-rH17d' may have important clinical implications for human gene therapy.
